One of the most central cognitive functions is attention. Its neuronal underpinnings have primarily been 18 studied during conditions of sustained attention. Much less is known about the neuronal dynamics 19 underlying the processes of shifting attention in space, as compared to maintaining it on one stimulus, 20 and of deploying it to a particular stimulus. Here, we use ECoG to investigate four rhythms across large 21 parts of the left hemisphere of two macaque monkeys during a task that allows investigation of 22 deployment and shifting. Shifting involved a strong transient enhancement of power in a 2-7 Hz theta 23 band in frontal, pre-motor and visual areas, and reductions of power in an 11-20 Hz beta band in a 24 fronto-centro-parietal network and in a 29-36 Hz high-beta band in premotor cortex. Deployment of 25 attention to the contralateral hemifield involved an enhancement of beta power in parietal areas, a 26 concomitant reduction of high-beta power in pre-motor areas and an enhancement of power in a 27 [60][61][62][63][64][65][66][67][68][69][70][71][72][73][74][75][76] Hz gamma band in extra-striate cortex. Effects due to shifting occurred earlier than effects due to 28 deployment. These results demonstrate that the four investigated rhythms are involved in attentional 29 allocation, with striking differences between shifting and deployment between different brain areas.
Introduction 40
Selective attention is a central cognitive process that has been extensively studied both behaviorally 41 and using invasive and non-invasive neurophysiological techniques. Despite widespread investigation, monkeys showed a balanced response profile to blue and yellow target stimuli ( Fig. 2B; χ 2 (1,N=2296) stimuli, and the longer reaction times to post-cue changes in yellow targets indicate the presence of a 92 spontaneous attentional bias toward the blue stimulus prior to cue onset.
93 Figure 2D illustrates the inferred attentional location as a function of time around cue onset. This depicts 94 the attentional bias to the blue stimulus until cue onset, at which point a blue cue indicates that the 95 monkey must maintain attention to the blue stimulus, whereas a yellow cue indicates that attention 96 should be shifted to the yellow stimulus. We took advantage of this unexpected, spontaneous bias and 97 constructed two contrasts for the analysis of the ECoG recordings, as illustrated in Figure 2E . One 98 contrast is referred to as the attention contrast, because it isolates the effects of deploying selective 99 attention to the contralateral versus the ipsilateral hemifield. Effects of attentional shifting as such are 100 contained in the individual component conditions but are removed by the subtraction. The other contrast theta power in the 14 areas, separately for attentional deployment to the stimulus contralateral (red) and theta power enhancement did not reach significance in sensorimotor areas F1 and S1 and in area DP, 141 even though these areas are partly neighboring the frontal areas and exhibiting similar beta dynamics 142 (see below). When attention was maintained, theta power dynamics lacked any notable transient 143 change. Figure 4D illustrates the respective topographies.
144
Attention contrast and shift contrast in time and space: beta. Figure 5B shows the dynamics of 
148
and pre-motor areas F2, F4 and area 8 showed a similar trend. Figure 5A shows the respective 149 topographies.
150 Figure 5C shows the beta-band dynamics for the shift contrast. Attentional shifting is associated with 151 a transient pronounced decrease in beta frequency power, peaking at approximately 400 ms post-cue, 152 which is highly consistent across frontal, pre-motor, sensorimotor and posterior parietal areas. When 153 attention was maintained, beta power dynamics lacked any notable transient change, similar to the 154 above described theta-band power dynamics. Yet note that the signs of the transient, short-latency 155 shifting effects were opposite, with beta power decreases and theta power increases. Figure 5D shows 156 the corresponding topographies for the shift dynamics.
in areas F2, F4 and TEO. Note that while pre-motor areas showed a clear high-beta peak in their power Figure 6C shows the high-beta power dynamics associated with the shift contrast. Attentional shifting 165 induced a transient decrease in high-beta power in area F2, peaking at ≈250 ms. Similar trends are 166 present in areas F4, area 8, F1 and S1. This effect is similar to that seen for beta power in neighboring 167 areas ( Fig. 5C ), though the high-beta power decrease is maximal approximately 150 ms earlier and is 168 spatially more constrained. Figure 6D illustrates the topographical evolution of the dynamics for the shift 169 contrast.
170
Attention contrast and shift contrast in time and space: gamma. Figure 7B depicts the time course 171 of gamma power differences for the attention contrast. Attentional deployment to the contralateral 172 stimulus induced enhanced gamma power in extrastriate areas. Latencies of this enhancement were effects as shown before for firing rates (22): After cue presentation, enhancements reached significance at 450 ms in TEO, 500 ms in V4 and 600 ms in V2. Unlike in the beta and high-beta bands, attentional effects in the gamma band were confined to extrastriate cortex and were not detectable in more anterior 177 areas. The associated power change topographies are shown in figure 7A .
178 Figure 7C shows the shift contrast for gamma power and reveals no significant differences. The 179 associated power difference topographies are shown in figure 7D .
180
Shift effects occurred earlier than deployment effects. A closer inspection of the time-courses of 181 effects suggested that overall, the differences due to attentional shifts occurred earlier than the 182 differences due to attentional deployment. To test this, we compiled a metric of overall differences 183 separately for the shift and the deployment contrast: We rectified the condition differences, averaged 184 them over areas and frequency bands and tested whether this value was significantly larger than zero 185 (non-parametric randomization of conditions across trials, corrected for the multiple comparisons over 186 time points). Figure 8 shows the resulting time courses and confirms that the overall shift effect starts 187 earlier than the overall deployment effect. The shift effect reaches significance at the time of the cue 188 presentation. This is possible, because each indicated time point corresponds to an analysis window of 189 ±250 ms length. Furthermore, the shift effect shows a peak around 300 ms after the cue. The 190 deployment effect reaches significance at 200 ms after cue presentation, and it steadily increases with or shifting. This revealed four rhythms that showed effects with clear spatial, temporal and spectral specificity.
197
The spatial specificity was reflected in the fact that different frequency bands showed very different were restricted to extrastriate visual areas TEO, V4 and V2.
202
The temporal specificity was apparent in the fact that shift effects occurred earlier than deployment 203 effects. Among shift effects, both theta and high-beta effects tended to occur earlier than beta effects.
204
The spectral specificity was evident in the fact that beta and high-beta showed shift effects in the same 205 direction, yet deployment effects in the opposite direction. Also, there were opposite shift effects for 206 theta versus beta and high-beta. While theta showed a shift-related enhancement, beta and high-beta 207 showed a shift-related decrease. This latter observation supports the notion that beta is involved in the 208 maintenance of the status-quo (23) and is therefore reduced when attention shifts; it might also support 209 the notion that theta is involved in shifting in the sense of an attentional reset (24, 25).
210
Essentially the only case, in which two rhythms showed a similar effect is the shift-related reduction in 211 beta in area F4 and of high-beta in area F2; yet even there, the effects began earlier in high-beta than 212 beta; furthermore, for the deployment contrast, the same rhythms in the same areas showed opposite 213 effects or trends. Thus, our observation that the effects differ at least along space or time, or between 214 the shift and deployment contrast, strongly suggests that the different rhythms are regulated by 215 independent mechanisms. Note that studies relying solely on conventional metrics of neuronal 216 activation, like neuronal firing rates or BOLD, would not be able to see the differential and sometimes 217 opposing effects on different rhythms, and the concomitant spatial and temporal specificity of those 218 effects. This demonstrates the usefulness of large-scale high-density ECoG recordings, allowing 219 analyses that are resolved simultaneously along the spatial, temporal and spectral dimension.
220
A point of potential concern relates to the imbalance of the cue properties for the shift contrast. Unlike 221 the attention contrast, which is fully balanced in stimulus and cue properties, the shift contrast has 222 unbalanced cue colors, such that attentional shifting occurs in response to the yellow fixation point, while 223 the maintenance of attention is triggered by the blue fixation point ( Fig. 2E ). We argue that this 224 imbalance is unlikely to explain the majority of the observed effects. The physical difference between a 225 yellow versus a blue fixation point is expected to cause local effects in neurons that are selective for the 226 representation of the fovea and that are color selective. Neurons selective for different colors are partly 227 intermingled within cortical areas (26, 27) , such that our recordings with 1 mm diameter ECoG 228 electrodes might well average over different color domains and thereby reduce or even eliminate color-expectations for color-differential responses, the cognitive difference between a yellow versus a blue is a highly relevant task for the future. A similar sequence of frontal-then-visual engagement as described with the ERPs has also been found with combined microelectrode recordings from the frontal 271 eye field (FEF) and V4 in macaques (6) 
278
Future work will need to investigate putative cross-frequency interactions between the rhythms 279 described here (18). For example: Does the timing and strength of the shift-related pre-frontal and pre-280 motor theta enhancement on a given trial predict the timing and strength of the shift-related high-beta 281 and beta decreases in those regions and/or the beta decreases in parietal areas? How are high-beta 282 and beta related, given that they show partly similar and partly opposite dynamics, and that they occupy 283 partly the same territory (pre-frontal and pre-motor), yet partly different territory (parietal shows beta 284 effects, but no high-beta effects). The present and those future investigations have been made possible 285 through the simultaneously high spatial and temporal resolution of the high-density large-scale ECoG 286 approach. Yet, as mentioned above, further improvements in density will likely reveal further detail e.g.
287
in parietal and pre-frontal cortex. As an isotropic increase in density will lead to a cubic increase in 288 channel count, future approaches will likely have to find a compromise between coverage and density, 289 and combine widespread low-density with targeted high-density recordings.
290

Methods 291
Paradigm, stimulation and subjects. Data from two adult male macaque monkeys (macaca mulatta) 292 were collected for this study. All experimental procedures were approved by the ethics committee of the 293 Radboud University Nijmegen (Nijmegen, The Netherlands). Stimuli were presented on a CRT monitor 294 (120 Hz non-interlaced) in a dimly lit booth and controlled by CORTEX software 295 (https://www.nimh.nih.gov/labs-at-nimh/research-areas/clinics-and-labs/ln/shn/software-296 projects.shtml). The paradigm with all details is illustrated in Figure 1A and its legend.
297
Electrophysiological recording and preprocessing. LFP recordings were made via a 252 channel 298 electrocorticographic grid (ECoG) subdurally implanted over the left hemisphere (33). Data from the 299 same animals, overlapping partly with the data used here, have been used in several previous studies 300 (7, 16, 17, (34) (35) (36) (37) (38) (39) (40) (41) . Recordings were sampled at approximately 32 kHz with a passband of 0.159 -8000 cancellation of the common reference, 3) rejection of headstage specific noise. The bipolar derivation scheme subtracted the recordings from neighboring electrodes (spaced 2.5 mm) that shared a toolbox (http://www.fieldtriptoolbox.org/) (42). Raw data were cleaned of line noise via the subtraction 311 of 50, 100, and 150 Hz components fit to the data using a discrete Fourier transform. Trial epochs for 312 each site were de-meaned by subtracting the mean over all time points in the epoch. Sites with 313 excessive noise or lack of signal were excluded, leaving 207 of 218 sites for monkey K, and 203 of 218 314 for monkey P. Epochs with any site having a variance of greater than 5 times the variance based on all 315 data from that same site in the same session were rejected. In addition, epochs were manually inspected 316 and epochs with artifacts were rejected. Subsequently, all epochs were normalized such that the 317 concatenation of all epochs for a given site had a standard deviation of 1. Following this, all epochs of 318 each site were combined across sessions.
its respective anatomical MRI, based on sulcal locations from high resolution intraoperative 322 photographs. The MRI and electrode locations were then warped to the F99 template brain in CARET 323 (43) , such that each electrode location could be compared with anatomical atlases provided by the 324 CARET software. Based on these atlases, bipolar derivations with both electrodes within the same area 325 were assigned to that area (see (16) for a more detailed description).
326
Spatial maps have been restricted to show the average activity across monkeys only at those locations,
327
where both monkeys had ECoG grid coverage after co-registration. Spatial maps are shown on the 328 INIA19 macaque brain (44) after co-registration of this template and each monkey's site locations to the 329 F99 template brain in CARET (43).
330
Segmentation of data into analysis periods. All analyses were computed on correctly performed 331 trials, i.e. where a response was logged within the allotted time interval after the target change.
332
To identify the most prominent frequency bands, we used phase locking analysis employing the pairwise 333 phase consistency (PPC) metric (21). For this analysis, the data from 300 ms after cue onset until a 334 target or distracter change was segmented into 500 ms epochs with 60% overlap. The first 300 ms after 335 cue onset were excluded to avoid transients. As target and distracter changes occurred at randomized 336 times, this resulted in a variable number of epochs per trial. Overlap was employed to implement Welch's 337 method (45) for improving spectral estimation and optimized for use with the multitaper method (46, 47).
prior to cue onset and ending when a change occurred in either the target or distracter stimulus. As target and distracter changes occurred at randomized times, this resulted in periods of variable length. 
547
behavioral response pattern before cue presentation showed a bias towards responses to the blue 548 stimulus (chi-squared test: χ 2 (1,N=793) = 88.59, p = 0). (B) Following the presentation of the attentional 549 cue, the monkeys showed no significant difference in response rates to blue or yellow target stimuli Figure 8 
